Serotonergic neurons of the dorsal raphe nuclei, with their extensive innervation of nearly the whole brain have important modulatory effects on many cognitive and physiological processes. They play important roles in clinical depression and other psychiatric disorders. In order to quantify the effects of serotonergic transmission on target cells it is desirable to construct computational models and to this end these it is necessary to have details of the biophysical and spike properties of the serotonergic neurons. Here several basic properties are reviewed with data from several studies since the 1960s to the present. The quantities included are input resistance, resting membrane potential, membrane time constant, firing rate, spike duration, spike and afterhyperpolarization (AHP) amplitude, spike threshold, cell capacitance, soma and somadendritic areas. The action potentials of these cells are normally triggered by a combination of sodium and calcium currents which may result in autonomous pacemaker activity. We here analyse the mechanisms of high-threshold calcium spikes which have been demonstrated in these cells the presence of TTX. The parameters for calcium dynamics required to give calcium spikes are quite different from those for regular spiking which suggests the involvement of restricted parts of the soma-dendritic surface as has been found, for example, in hippocampal neurons.
Introduction
The spiking activity of neurons in the dorsal raphe nucleus has been studied experimentally for many years (Aghajanian and Haigler, 1974 ; Baraban and Aghajanian, 1980) with particular emphasis on pacemaker-like firing. Serotonergic neurons in the dorsal and other raphe nuclei, innervate many brain regions and influence many cognitive, emotional and physiological processes. They have been implicated in the pathophysiology of major depressive and other stress-related psychiatric disorders. The therapeutical effects of selective serotonin re-uptake inhibitors indicates the key role of serotonin in depression.
The involvement of serotonergic neurons arises through a variety of physiological, neurophysiological and endocrine processes. Included in the targets of serotonergic neurons of the DRN are the hippocampus, amygdala, locus coeruleus, prefrontal cortex (PFC) and the paraventricular nucleus of the hypothalamus. Serotonergic input from the raphe into the hippocampus is important for regulating hippocampal neurogenesis (Balu and Lucki, 2009 ). Bambico et al. (2009) found changes in spontaneous 5-HT neuron single-spike firing activity after chronic uncontrollable stress, and changes in the number of spontaneously-active 5-HT neurons.
There are many excellent reviews of the properties of these cells including, in chronological order, Jacobs and Fornal (1995) Maximino (2012) and Savli et al. (2012) . It is manifest that the spiking activity of the DRN SE neurons is of prime importance in maintaining serotonin levels throughout the brain. In this article our focus is on the a quantitative modeling of this activity which is considered essential in order to understand the factors which control serotonin release and subsequent effects on target cells.
Biophysical and electrophysiological properties of DRN SE neurons
In this section we tabulate findings on many of the biophysical, anatomical and electrophysiological properties of DRN SE neurons, as these properties are important in the construction and verification of computational models. 
Input resistance

Firing rate
Spike duration
There have been many recordings of spiking activity in serotonergic neurons of the DRN and other raphe nuclei. A distinguishing feature of spikes in such neurons is their long duration, usually taken to mean with magnitude equal or greater than about 2 ms. Other cells in the DRN, principally presumed to be inhibitory GABA-ergic neurons, have characteristically shorter spike durations, Table XX . These were either given explicitly or estimated (denoted by an asterisk) from figures in the manuscripts. The definition of spike duration differs from author to author and the method of evaluation has also been reported in the Table if it is available. Also stated are factors which lead to a lengthening of the spike duration such as EGTA or in some cases TTX which, presumably, leads to purely calcium spikes. Temperature also influences spike duration as noted in the original work of Hodgkin and Huxley (1952) . In experiments where the temperature was not at room temperature (20) (21) (22) (23) (24) (25) • C) the temperature is included in the Table entry. 
Threshold
Voltage threshold for action potentials is that membrane potential at which the sharp depolarizing phase of a spike occurs. Such a threshold is usually around 10 mV above resting potential. Data on spike thresholds in serotonergic neurons of the DRN are sparse although there are some published results which give such quantities as around -20 mV, which makes their interpretation difficult, as resting potentials themselves are around -60 mV. The few available results which are compatible with the above definition are given in the following table. Resting potential -54.6 ±0.5
Estimates of capacitance
Estimates of cell capacitance can be made from measured currents in response to a given change of voltage or deduced from either anatomical (surface area) or electrophysiological measurements of input resistance and time constant.
Direct measurement
There have been very few reports of capacitances of DRN cells. For a dissociated rat serotonergic neuron, Penington and Fox (1995) gave a capacitance of 0.02 nF. Bayliss et al. (1997) reported a value of 26.6 ± 0.09 pF for 32 cells in rat caudal raphe nucleus, but these cells had a very high average input resistance compared with other sets of results (see Table 1 Table 7 .
Estimates from surface area
Visualizations of complete serotonergic (SE) neurons are not feasible because of their extensive axonal arborizations, but a useful schematic is shown in Figure 1 Calizo et al., 2011). The term "soma area" is used in various ways. In one early study of rat DRN SE neurons, Descarries et al. (1982) gave a seemingly small cell body area of 251 µ 2 , but this was cross-sectional area, which is made clear by the fact that the volume was 2999 µ 3 so that, assuming, as did Descarries et al., a spherical shape gives a diameter of 17.9 µ. Such a geometry gives a soma surface area of 1006 µ 2 . A clear image of rat DRN SE neuronal cell bodies, dendrites and proximal axonal branches appeared in Allers and Sharp (2003) and from this study the soma may be approximately considered a prolate ellipsoid. The surface area of such an ellipsoid with semi-axes of a < b is
where
With It can be seen that the estimated soma area, the total dendritic area and the total SD area, using the mean properties of Diaz-Cintra et al. , the SD area would be perhaps as small as 2500 µ 2 . In summary, the SD area of the serotonergic cells in the DRN has an approximate estimated mean value of 3900 µ 2 , with a lower limit around 2500 µ 2 and an upper limit of around 11600 µ 2 .
Using the standard figure of 1µF per sq cm, the estimated area from the Allers and Sharp (2003) study would give a capacitance of about 0.039 nF. The same value is obtained from the average data, as explained above, in Diaz-Cintra et al. (1981) . Using the smallest estimated area, the capacitance would be about 0.025 nF (whole cell) and using the largest area, C would be about 0.116 nF.
Capacitance from time constant and input resistance
One may use time constants τ and input resistances R i as given in Tables tz and fg to obtain an approximate estimate of C from the formula τ = CR i . This can sometimes yield accurate results (Reyes et al., 1994). Using this approach gives the estimates in the following table. Not including the possible outlier of 206 pF, the range of these estimates in rat DRN is from 40 pF to 135 pF with an average of 89.5 pF.
Summary of estimates of capacitance
Table FF summarizes the various results obtained by the three different methods (Measurement, Deduction from area, τ /R i ). Most of these estimates are heuristically obtained and will doubtless be superseded when more detailed measurements are made. To construct a computational model of a "typical" non-dissociated DRN serotonergic neuron, one might employ a capacitance of 40 pF, a total area of 4000 µ 2 , and a soma area of 1000 µ 2 . For modeling a larger cell, these quantities could be chosen as 90 pF, 9000 µ 2 and 1800 µ 2 , respectively.
Computational modeling of calcium spikes in TTX
In their pioneering study of the electrophysiology and ionic basis of pacemaking of presumed serotonergic neurons of the dorsal raphe nucleus, Burlhis and Aghajanian (1987) performed several "anodal break" experiments. In one of these TTX was applied to block fast sodium currents and under the application of a steady depolarizing current of 0.15 nA there were obtained spikes, called high-threshold calcium spikes. For the cell in which such spikes were depicted (see Figure  3D of Burlhis and Aghajanian, 1987) , the interspike interval (ISI) was about 300 ms and the spike amplitude was about 75 mV. These data may be compared with the usual spike properties of an ISI of around 1000 ms and a spike amplitude around 90 mV. High and low threshold calcium spikes in these neurons with TTX were also demonstrated by Penington et al. (1991) . In a forthcoming article (Tuckwell and Penington, 2012) a computational model for spiking in DRN SE neurons is developed which contains 7 voltage-dependent ion currents, I i , a leak current, I Leak , a calcium-activated potassium current I SK and a calcium-and voltage-activated potassium current I BK , BK and SK denoting big and small channel conductances. The model is completed with calcium dynamics, in which there are sources due to the calcium currents as well as buffering and pumping.
The differential equation for the membrane potential V can be written
where C is the capacitance, V 0 is the initial value of V , taken to be the resting membrane potential, V R . and an applied current µ is added. Depolarizing currents are negative, all voltages are in mV, and t is in ms so that if I is in nA, then the membrane capacitance is in nF. For the I i , HodgkinHuxley type (1952) formulations are used generically and generally, each component current being taken as a product of activation and inactivation variables, a maximal conductance, g i,max , and a driving force which is V − V i where V i is usually at or near the Nernst equilibrium potential. For noninactivating currents there is an activation variable m raised to a certain power p ≥ 1, not necessarily an integer, so that
If the current inactivates, then the current contains an inactivation variable h which is usually raised to the power 1 so
For the calcium dependent currents the activation variables depend on, or also on, calcium ion concentration.
For each I i , activation and inactivation variables are determined by differential equations
where m ∞ and h ∞ are steady state values which depend on voltage. The quantities τ m and τ h are time constants which may also depend on voltage and/or calcium concentration. For an account of the dynamics of many types of current Destexhe and Sejnowski (2001) . The differential equation describing the evolution of the internal calcium ion concentration Ca i is similar to that employed by Rybak et al. (1997) ,
where the fraction of calcium which is bound is
K d being the dissociation constant. In (8), I L and I N are (relatively) high-threshold L-type and N-type calcium currents, CSF is a calcium source factor, F is Faraday's constant, v is the volume of the internal shell housing internal calcium ions, K s is the pump strength and K m is the pump half-activation concentration. Concentrations are in mM. In order to ascertain approximately if a given set of parameters will result in spiking, define for each voltage-dependent channel type, k,
being the contribution of the k-th current at steady state. Here p k and q k are the powers to which the activation and inactivation variables are raised. In all cases encountered, q k is either 0 (no inactivation) or 1. For the full model, including fast sodium current, with no applied current, spiking can be spontaneous and in such a case the functions F k are shown plotted against V in Figure 2 . The total source function is shown in Figure 3 . It can be seen that F > 0 for V in an interval containing the resting potential, which makes the deriviative of V positive at rest, so that no stimulus is required to make the cell fire. The curve F is similar to the cubic in the Fitzhugh-Nagumo model. Although F > 0 is an approximate necessary condition for firing, it is not sufficient as will be seen shortly.
When there is no fast sodium current, as is the case when TTX is applied, and when µ = −0.15, as in the experiment described above by Burlhis and Aghajanian (1987) , the resulting function F (V ) is as depicted in Figure 4 . Here all the parameters of all the other component currents are the same.
In Figure 5 are shown plots of the contrasting voltage responses versus time for the two cases of source functions depicted in Figures 3 and 4 . For the case with sodium current and no applied current, the cell spontaneously fires action potentials in a pacemaker-like fashion with an ISI of about 1600 ms. In the case of no sodium current and an applied depolarizing current, it is still the case that F > 0 in a large interval containing the rest point, but there are no spikes. There is a depolarization to -44.5 mV from the resting value of -60 mV, followed by a very slow decline to -45.8 mV at 4000 ms. Clearly, in order to obtain spikes (calcium spikes) for the model in the absence of fast sodium current, changes in other parameters is necessary.
The following changes were found to give rise to calcium spikes. Since without the sodium current, the depolarizing effect of the T-type current could not lead to sufficient opening of the high-threshold N-type and/or L-type Ca 2+ channels as they were, the steady state activation and inactivation functions of the N-type current,
were shifted by putting V N 1 = −25 rather than -10 mV and V N 3 = −50 rather than -45 mV. This would put the N-type current in reach of the response to the T-type current. Note that the values V N 1 = −25 andV N 3 = −50 had been employed in producing regular spiking in Tuckwell and Penington (2012) . To increase the N-type current, its maximal conductance g N,max was increased by 50% to 0.06237 µS. The steady state acivation and inactivation functions of all other component currents were unchanged. However, the maximal conductance of the T-type current was increased by a factor of 2 to g T,max =0.4505 µS whereas the A-type potassium conductance was decreased by a factor of 4 to 0.1875 µS. Two parameters controlling calcium dynamics required significant change. Firstly, the calcium source factor CSF was reduced to 0.135 from 0.7 and finally, an extremely large adjustment was required in the calcium pump strength K s by multiplying it by 30 to a value of 0.000011719 mM per ms. With these changes the calcium spikes depicted in Figure  6 were obtained with an ISI of about 170 ms and an amplitude of about 54 mV. 
Discussion
In the first part of this article we have summarized many biophysical and physiological properties of DRN SE neurons, taken from various electrophysiological and morphological studies performed in the last 40 or so years. Such a summary is expected to be useful in the construction of computational models for these cells. These models, when they include the many neurotransmitters and neuromodulators which influence these cells, including glutamate, GABA, corticotropin-releasing factor, orexin, substance P and norepinephrine, will play an impoprtant role in understanding the key role of serotonergic neuron activity in controlling many known behavioral, physiological, cognitive and psychiatric phenomena. Some important circuits are the reciprocal connection between the DRN several other brain structures including the locus coeruleus, the hippocampus, the hypothalamus and the prefrontal cortex. For reviews see the references given in the Introduction.
Secondly we have used a computational model of these cells to see if it could generate, as observed experimentally, calcium spikes when sodium current is blocked by TTX. In the original model (Tuckwell and Penington, 2012) there are over 90 parameters, many of which were estimated from voltage-clamp data. It has been demonstrated that with changes to the properties of N-type calcium current, which made it more readily excitable and with a somewhat larger conductance, calcium spikes were obtained similar to those obtained experimentally. The T-type current was also augmented and the opposing A-type potassium current was decreased. There was a fine-tuning effect for the A-and T-type conductances. If the A-type conductance was too small, the amplitude of the spikes increased as well as the maxima of the internal Ca 2+ concentration. Increasing the T-type conductance countered this effect, If the A-type conductance was too large, then internal Ca 2+ decreased along with spike amplitude. The calcium pump strength K s and the value of CSF in (8) were the two parameters that had to be changed considerably in order to obtain stable calcium spiking. If the calcium pump was too weak then the ISI increased with time and Ca 2+ concentration increased to non-physiological values. If K s were too large, then the spike amplitude decreased steadily. If CSF was too large (above 0.135) then the internal calcium concentration steadily increased. The reason for the necessity of such large changes in the parameters K s and CSF needed to elicit a regular train of calcium spikes is probably anatomical. The model is for a single compartment and it is likely that calcium spikes are generated in the dendrites which would result in quite different calcium dynamics, although the experimental observations are made at the soma. The large strength of the calcium pump is in accordance with the requirement of a relatively small time constant of decay of internal calcium needed to generate calcium spikes in a model of hippocampal neurons (Traub et al., 1991) where such spikes were in fact dendritic in origin.
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